Aim: To investigate the role of reactive oxygen species (ROS) in oridonin-induced apoptosis and autophagy in HeLa cells. Methods: The cell viability was measured using MTT assay. Morphological changes of apoptosis and autophagy were examined using Hoechst 33258 staining and monodansylcadaverine (MDC) staining, respectively. The mitochondrial membrane potential (ΔΨm) was measured using fluorescent dye rhodamine 123. DCF-induced fluorescence was used to measure the intracellular ROS level. Protein expression was examined using Western blot. In the presence of the specific autophagy inhibitor 3-MA (2 mmol/L), the oridonin-induced apoptosis was significantly enhanced. Treatment of HeLa cells with oridonin (20-120 μmol/L) induced intracellular ROS generation in a concentration-dependent manner. In the presence of the ROS scavenger NAC (5 mmol/L), the oridinin-induced ROS generation was markedly reduced. NAC (5 mmol/L) or nonthiol antioxidant catalase (1000 U/mL) significantly reduced the oridonin-induced inhibition of cell growth and apoptosis. Furthermore, oridonin significantly reduced ΔΨm, which was blocked by NAC. Oridonin markedly increased Bax expression in mitochondria, and decreased Bcl-2 expression in both the cytosol and mitochondria. Oridonin also markedly increased the phosphorylation of Bcl-2 in the cytosol. All the effects were blocked by NAC. Oridonin increased the levels of caspase-3 and caspase-8, and decreased the expression of pro-caspase 3 and pro-caspase 9, which were blocked by NAC. Conclusion: ROS plays a critical role in oridonin-induced apoptosis and autophagy.
Introduction
Programmed cell death (PCD), an essential mechanism for development, tissue turnover and host defense in multicellular organisms, exists in two major forms: apoptotic and autophagic cell death [1] . Apoptosis, or type I PCD, is a genetically controlled cell suicide process that plays an important role in maintaining cell homeostasis of higher organisms [2] . Defective apoptosis results in a variety of diseases, such as autoimmunity, neurodegenerative disorders and many types of cancer [3] . Autophagy is also a crucial cellular homeostatic mechanism whereby eukaryotic cells degrade unnecessary proteins and prepare cytoplasmic organelles for their removal or turnover [4] . Although excessive autophagy can mediate cell death (type II PCD) under certain conditions, autophagy is largely considered to be a survival mechanism that is triggered by starvation or hormonal stimulation [5, 6] . The relationship between apoptosis and autophagy is complex and varies with both the cell type and the category of the stimulus [7, 8] . Mounting evidence suggests that there is a mechanistic overlap between apoptosis and autophagy [9, 10] . Thus, researchers have become increasingly interested in understanding the coregulated factors of these two processes.
ROS are ions or small molecules that include singlet oxygen molecules, free radicals and peroxides, which are formed as byproducts of the normal cellular metabolism of oxygen [11] . Organisms have developed antioxidant systems that include Reactive oxygen species contribute to oridonininduced apoptosis and autophagy in human cervical carcinoma HeLa cells antioxidant enzymes such as superoxide dismutase (SOD) and antioxidant molecules such as glutathione (GSH) to balance these species [12] . However, oxidative stress, a condition characterized by the dramatic increase in ROS levels and the disruption of the antioxidant balance, results in oxidative damage to cellular structures, signal transduction changes and cell death [13] . In addition, many studies have reported that ROS induce apoptosis in various cancer cells [14] [15] [16] . The mitochondrial membrane potential and the expression of Bcl-2 family proteins, which have been closely linked to mitochondrial-mediated apoptosis, were also reported to be affected by ROS [17] . Recent reports have also demonstrated that ROS participate in the regulation of autophagy in certain circumstances [18, 19] . Therefore, we are interested in the role of ROS in both apoptosis and autophagy.
Oridonin, an active diterpenoid isolated from Rabdosia rubescens, was found to present various pharmacological and physiological outcomes, including anti-bacterial, antiinflammation and anti-tumor effects [20, 21] . Our previous studies showed that both apoptosis and autophagy were induced by oridonin in HeLa cells, and autophagy antagonized apoptosis by activating the PKC signaling pathway [22] . We also found that oridonin could induce ROS to mediate apoptosis in murine fibrosarcoma L929 cells and human hepatoma HepG2 cells [23, 24] . Hence, in this study, we investigated the possible regulatory mechanisms of ROS in oridonin-induced apoptosis and autophagy in HeLa cells.
Materials and methods

Materials
Oridonin was obtained from the Kunming Institute of Botany, The Chinese Academy of Sciences (Kunming, China). The purity of oridonin was confirmed by HPLC and determined to be 99.4%. Oridonin was dissolved in dimethyl sulfoxide (DMSO) to make a stock solution. The DMSO concentration was kept below 0.1% in cell culture and did not induce any detectable effect on cell growth or cell death.
Fetal bovine serum (FBS) was obtained from TBD Biotechnology Development (Tianjin, China). 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), Hoechst 33258, Annexin V-FITC, propidium iodide (PI), monodansylcadaverine (MDC), 3-methyladenine (3-MA), N-acetyl-cysteine (NAC), 2',7'-dichlorofluorescein diacetate (DCF-DA), catalase (CAT) and rhodamine-123 were purchased from Sigma Chemical (St Louis, MO, USA). Polyclonal antibodies to Bax, Bcl-2, phosphor-Bcl-2, caspase-3, caspase-8, caspase-9, LC3, Beclin 1, β-actin, and horseradish peroxidase-conjugated secondary antibodies were obtained from Santa Cruz Biotechnology (Santa Cruz, CA, USA).
Cell culture
The human cervical carcinoma HeLa cell line was obtained from American Type Culture Collection (ATCC, Manassas, VA, USA). The cells were cultured in RPMI-1640 medium (GIBCO, Gaithersburg, MD, USA) supplemented with 10% fetal bovine serum (FBS), 0.03% L-glutamine (GIBIO, Grand Island, NY, USA), 100 U/mL penicillin and 100 μg/mL streptomycin and maintained at 37 o C with 5% CO 2 in a humidified atmosphere.
Cell growth inhibition assay
The inhibition of cell growth was measured by MTT assay as described previously [25] . The cells were dispensed in 96-well flat bottom microtiter plates (NUNC, Roskilde, Denmark) at a density of 1.5×10 4 cells per well. After 24 h of incubation, they were treated with various concentrations of oridonin or 5 mmol/L NAC 1 h prior to 80 μmol/L oridonin for the indicated time periods. Next, MTT (5 mg/L) was added to each well for 3 h, and the resulting crystals were dissolved in DMSO. Optical density was measured by MTT assay using a plate microreader (TECAN SPECTRA, Wetzlar, Germany). The percentage of cell growth inhibition was calculated as follows:
Observation of nuclear damage by Hoechst 33258 staining HeLa cells (5×10 5 /well) were cultured in 6-well culture plates. After 24 h of incubation, the cells were treated with or without 80 µmol/L oridonin for 24 h. The cells were then incubated with 5 mmol/L Hoechst 33258 at 37 °C for 30 min, and the nuclear changes of fluorescence were observed by OLYM-PUS IX70 reverse fluorescence microscopy (Olympus, Tokyo, Japan) at excitation wavelength 350 nm with emission filter 460 nm [26] .
Analysis of autophagy and apoptosis by flow cytometry HeLa cells were dispensed in 25 mL culture bottles at a density of 1×10 6 per bottle. After 24 h of incubation, they were treated with or without 3-MA and NAC at the given concentrations 1 h prior to the administration of oridonin for 24 h. The cells were harvested by trypsin and rinsed with PBS. To measure autophagy, monodansylcadaverine (MDC) was used as a marker for autophagic vacuoles [27] ; collected cells were suspended with 0.05 mmol/L MDC at 37 °C for 60 min. Staining with Annexin V/PI was used to measure apoptosis. The cells were fixed with 100 µL binding buffer and treated with 2 µL Annexin V-FITC solution (20 mg/L) at 4 °C for 20 min; they [26] . Next, the samples were analyzed using a FACScan flow cytometer (Becton Dickinson, Franklin Lakes, NJ, USA).
Flow cytometric analysis of intracellular ROS production HeLa cells were dispensed in 25 mL culture bottles at a density of 1×10 6 per bottle. After 24 h of incubation, they were treated with various concentrations of oridonin or 3-MA and NAC at the given concentrations 1 h prior to 80 μmol/L oridonin for the indicated time periods. The cells were incubated with 10 µmol/L DCF-DA at 37 °C for 15 min to assess ROSmediated oxidation of DCF-DA to the fluorescent compound DCF. Next, the cells were harvested and the pellets were suspended in 1 mL PBS. Samples were analyzed at an excitation wavelength of 480 nm and an emission wavelength of 525 nm using a FACScan flow cytometer (Becton Dickinson, Franklin Lakes, NJ, USA) [28] .
Observation of morphologic changes
HeLa cells (5×10 5 /well) were seeded into 6-well culture plates. After 24 h of incubation, the cells were treated with or without 5 mmol/L NAC 1 h prior to the administration of 80 µmol/L oridonin for 24 h of incubation. The cellular morphology was observed by a phase-contrast microscope (Leica, Nussloch, Germany).
Flow cytometric analysis of ∆Ψm
HeLa cells were dispensed into 25 mL culture bottles at a density of 1×10 6 per bottle. After 24 h of incubation, the cells were treated with or without 5 mmol/L NAC 1 h prior to the administration of 80 µmol/L oridonin for a 24-h incubation. The cells were harvested by trypsin and rinsed with PBS. For measuring ∆Ψm, a cationic fluorescent dye rhodamine 123 was used as previously described [29] . The collected cells were stained with 1 μg/mL rhodamine 123 and incubated at 37 °C for 15 min. The samples were analyzed using a FACScan flow cytometer (Becton Dickinson, Franklin Lakes, NJ, USA).
Isolation of cytosolic and mitochondrial fractions
The cell groups were harvested by trypsin, and the cell pellets were resuspended in ice-cold homogenizing buffer, (250 mmol/L sucrose, 20 mmol/L HEPES, 10 mmol/L KCl, 1 mmol/L EDTA, 1 mmol/L EGTA, 1.5 mmol/L MgCl 2 , 1 mmol/L DTT, 1 mmol/L PMSF, 1 μg/mL aprotinin, and 1 μg/mL leupeptin). After homogenization (40 strokes), the homogenates were centrifuged at 42 00×g at 4 °C for 30 min. The supernatant was used as the cytosolic fraction, and the pellet was resolved in lysis buffer as the mitochondrial fraction [17] .
Western blot analysis
HeLa cells (2×10 6 ) were preincubated with or without specific inhibitors before treatment with 80 µmol/L oridonin. After 24 h, both adherent and floating cells were collected and frozen at -80 o C. Western blot analysis was carried out as follows. The cell pellets were resuspended in lysis buffer containing 50 mmol/L Hepes (pH 7.4), 1% Triton-X 100, 2 mmol/L sodium orthovanadate, 100 mmol/L sodium fluoride (NaF), 1 mmol/L edetic acid, 1 mmol/L egtazic acid (EGTA), 1 mmol/L phenylmethyl-sulfonylfluoride (PMSF), 0.1 g/L aprotinin, and 0.01 g/L leupeptin and lysed at 4 o C for 1 h. Then the cells were spun in a centrifuge at 12 000×g for 10 min, and the protein content of the supernatant was determined by Bio-Rad protein assay reagent (Bio-Rad, Hercules, CA, USA). The proteins were separated by 12% SDS polyacrylamide gel electrophoresis and blotted onto nitrocellulose membrane. The membranes were soaked in 5% skimmed milk and incubated with primary polyclonal antibodies overnight. The proteins were visualized by an anti-rabbit IgG conjugated with peroxidase and diamino-benzidine (DAB) [30] . Protein levels were quantified by densitometry (Fluochim v2.0 Alpha; Alpha Innotech, San Leandro, CA, USA). The relative density was calculated as follows:
Observation of autophagy by monodansylcadaverine (MDC) staining HeLa cells (5×10 5 /well) were cultured in 6-well culture plates. After 24 h of incubation, the cells were treated with or without 5 mmol/L NAC 1 h prior to the administration of 80 µmol/L oridonin for 24 h. Next, the cells were incubated with 0.05 mmol/L MDC at 37 °C for 1 h, and the change in fluorescence was observed by OLYMPUS IX70 reverse fluorescence microscopy (Olympus, Tokyo, Japan) at an excitation wave length 380 nm with an emission filter of 525 nm.
Statistical analysis
All results and data were confirmed in at least three separate experiments. Data are expressed as mean±SD. Statistical comparisons were made by one-way ANOVA. P<0.05 was considered significant.
Results
Oridonin induced apoptosis and autophagy in HeLa cells
Oridonin inhibited HeLa cell growth in a time-and concentration-dependent manner. Concentrations of oridonin ranging from 10 to 160 μmol/L all exerted cytotoxic effects on HeLa cell growth and treatment with 80 μmol/L oridonin for 24 h resulted in almost 50% inhibition ( Figure 1A ). To determine whether apoptosis was induced by oridonin, the morphological changes were observed by Hoechst 33258 staining. Oridonin treated cells showed marked fragmented DNA in their nuclei, whereas the nuclei were round and homogeneously stained in the control group ( Figure 1B Figure  1C ). To further investigate the relationship of apoptosis and autophagy in oridonin-treated HeLa cells, 3-MA (a specific autophagy inhibitor) was introduced. Treatment with 3-MA prior to the addition of oridonin led to a markedly increased cell growth inhibition ratio and apoptotic ratio compared with the group treated with oridonin alone ( Figure 1D and 1E). These results indicated that oridonin induced both apoptosis and autophagy in HeLa cells and that the inhibition of autophagy contributed to the up-regulation of apoptosis.
Oridonin dose-dependently induced intracellular ROS generation in HeLa cells
To investigate whether ROS were triggered by oridonin in HeLa cells, DCF-DA, a specific ROS-detecting fluorescent dye, was used to examine the intracellular ROS level. The exposure of HeLa cells to various doses of oridonin for 24 h led to a sharp increase in DCF fluorescence compared with the control group (Figure 2) . Furthermore, the ratio of DCF-positive cells was increased from 3.73% in untreated cells to 3.81%, 7.50%, 23.07%, or 41.93% in cells treated with oridonin doses of 20, 40, 80, and 120 μmol/L, respectively. When pretreated with the ROS scavenger NAC, the corresponding ratio of DCF-positive cells was markedly reduced, from 23.07% to 7.96%, compared with the group treated with 80 μmol/L oridonin alone ( Figure  2 ). These data suggested that ROS in HeLa cells were induced by oridonin in a dose-dependent manner.
ROS mediated oridonin-induced apoptosis in HeLa cells
To evaluate the role of ROS in oridonin-induced apoptosis, we pretreated HeLa cells with NAC before oridonin administration. Oridonin treatment induced canonical apoptotic changes including membrane blebbing and granular apoptotic bodies. In contrast, these apoptotic morphologic alterations were almost completely suppressed by pretreatment with NAC ( Figure 3A) . The MTT assay also demonstrated that NAC treatment significantly reduced the cell growth inhibition ratio from 33.1% for oridonin alone to 5.8% in the presence of NAC ( Figure 3B ). Flow cytometry analysis revealed that NAC reduced the apoptotic ratio compared with oridonin treatment alone ( Figure 3C ). Like NAC, treatment with an additional non-thiol antioxidant catalase (CAT), which catalyzes the conversion of hydrogen peroxide to water and oxygen, also reduced the oridonin-induced cell growth inhibition and apoptosis ( Figure 3B and 3C) . Together, these results demonstrated that ROS played an important role in oridonin-induced 
Inhibition of ROS rescued the loss of ∆Ψm in oridonin-treated HeLa cells
Because there is a relationship between ROS generation and the disruption of the mitochondrial membrane potential, we examined whether ROS are involved in the regulation of ∆Ψm in HeLa cells. The loss of the ∆Ψm was reflected by a decrease in the intensity of rhodamine 123 fluorescent staining, which was used to detect the integrity of mitochondrial membrane. The cellular morphologic changes were observed by phase contrast microscopy (×200 magnification, Bar=20 µm). The cell growth inhibitory ratio was measured by MTT assay (B), and the apoptotic ratio was measured by flow cytometric analysis stained with PI (C). n=3. Figure 4 ). These findings revealed that ROS contributed to the oridonin-induced dissipation in ∆Ψm in HeLa cells.
ROS was involved in oridonin-induced Bax translocation and Bcl-2 degradation in HeLa cells
Because the results above indicated that ROS influenced the mitochondrial membrane potential, the expression of Bax and Bcl-2, which are Bcl-2 family members modulating mitochondrial-mediated apoptotic pathway, were examined using Western blot analysis. As shown in Figure 5 , the expression level of Bax in the cytosol was only slightly upregulated in response to oridonin treatment, but oridonin caused a sharp increase in Bax expression in the mitochondria. This suggests that oridonin induced the translocation of Bax from the cytosol to the mitochondria in these conditions. The results also showed that oridonin attenuated the expression of Bcl-2 in both the cytosol and the mitochondria but induced the phosphorylation of Bcl-2. In the presence of NAC, oridonininduced Bax translocation and Bcl-2 degradation were both reversed, and the expression of all proteins returned to untreated levels ( Figure 5 ). Therefore, ROS participated in the regulation of mitochondrial-mediated apoptosis in oridonintreated HeLa cells.
ROS participated in oridonin-activated caspase-3, caspase-8, and caspase-9 process in HeLa cells It is well known that the caspase protein family plays a critical role in the apoptotic process. To further elucidate the importance of ROS in apoptosis, we examined the expression of caspase-3, caspase-8, and caspase-9 by Western blot analysis. As shown in Figure 6 , the cleavage of procaspase-3 and procaspase-8, as well as the decrease in procaspase-9, was observed in oridonin-treated cells. The activation of this process was inhibited by NAC administration. These results further confirmed the critical role of ROS in apoptosis in this system.
ROS regulated oridonin-induced autophagy in HeLa cells
Because oridonin may induce autophagy and apoptosis, we examined the effect of ROS on oridonin-induced autophagy.
Oridonin treatment led to a marked increase in the number of MDC-labeled fluorescent particles in the cells, which further confirmed that oridonin could induce autophagy in HeLa cells. However, when NAC was applied, the number of MDClabeled fluorescent particles was completely suppressed (Figure 7A ). Quantitative analysis by flow cytometry also showed that the percentage of MDC-positive cells by oridonin treatment was reduced by NAC or CAT treatment from 23.38% to 5.18% and 9.31%, respectively ( Figure 7B ). We further examined the effect of NAC on oridonin-induced autophagy through detection of the autophagic markers Beclin 1 and MAP-LC3. As expected, oridonin treatment alone enhanced both the expression level of Beclin 1 and the conversion of LC3-I to LC3-II, but these enhancements were reversed by NAC pretreatment. NAC alone had no effect on the expressions of these two marker proteins ( Figure 7C) . Next, the influence of autophagy inhibitor 3-MA on oridonin-induced ROS generation was evaluated. The percentage of DCFpositive cells declined from 26.22% in the oridonin-treated cells to 14.05% in 3-MA and oridonin-treated cells ( Figure 7D ). Together, these results indicated that ROS was also involved in regulating oridonin-induced autophagy in HeLa cells. 
Oridonin induced persistent ROS generation in HeLa cells
The data above revealed that ROS generation was the crucial event to mediate oridonin-induced apoptosis and autophagy. To further confirm this finding, we measured intracellular ROS levels for various time periods by using DCF-DA. Significant levels of ROS were generated within 1 h after oridonin treatment, and the level of ROS continued to increase for 24 h (Figure 8 ). The ratio of DCF-positive cells increased from 4.36% in untreated cells to 22.57%, 27.19%, 27.69%, 36.62%, and 36.34% in 1, 3, 6, 12, and 24 h-treated cells, respectively ( Figure 8 ). This demonstrated that ROS generation was the first event stimulated by oridonin and acted as the main factor mediating oridonin-induced apoptosis and autophagy.
Discussion
Apoptosis and autophagy have previously been correlated both positively and negatively depending on the "molecular switches" connecting them [7, 8] . In previous studies, we demonstrated that autophagy and apoptosis were both induced in oridonin-treated HeLa cells and that autophagy was a protective mechanism against apoptosis in this circumstance [22] . Here, we further confirmed these results through flow cytometric analysis and observation of changes in morphology. It is well established that autophagy may promote survival in many contexts, including nutrient deprivation, endoplasmic reticulum stress, and microbial infection [7] . Under these conditions, autophagy played a cytoprotective role in response to oridonin-induced cellular stress; apoptosis was up-regulated by the inhibition of autophagy. These results were consistent with the data of Kaushik and colleagues [19] . In addition, it has been postulated that oxidative stress can result in autophagy, apoptosis, or necrosis, depending on its severity [31] . Our work investigated the possible role of ROS in regulating oridonininduced apoptosis and autophagy in HeLa cells.
ROS are essential intermediates in many intracellular signal pathways that lead to cell death [13] . ROS generation has been reported to be associated with a variety of stimuli such as tumor necrosis factor (TNF), endoplasmic reticulum stress (ER stress), starvation, and certain compounds [32] . The results in this study revealed that ROS generation was induced by oridonin in a dose-dependent manner in HeLa cells. Also we found that ROS production could be significantly scav- There is evidence that apoptosis can be induced by ROS. It has been shown that ROS generation, which regulated p53 activation, mediated oridonin-induced apoptosis in HepG2 cells [24] . Conjugation with polyethylene glycol (PEG) could effectively reduce the polyamidoamine-induced cell apoptosis by limiting the production of ROS [33] . Consistent with these studies, our results demonstrated that the inhibition of ROS generation by NAC led to significant decrease in oridonininduced cytotoxicity and apoptosis. As a potent inducer of apoptosis, the pathways of ROS in regulating apoptosis were investigated. Mitochondria are particularly vulnerable to oxidative stress and are major sources of intracellular ROS [34] . Many reports have documented that ROS participate in the apoptotic process by disrupting the ability to induce the mitochondrial membrane potential (MMP) [17, 33] . In addition, other studies have shown that several Bcl-2 family proteins, especially the pro-apoptotic protein Bax and the anti-apoptotic protein Bcl-2, are recognized as major players in mitochondrial-mediated apoptosis by regulating MMP [23, 35] . The ratio of Bax/Bcl-2 is critical for the induction of apoptosis [35] . In this study, we demonstrated that the suppression of ROS reversed oridonin-induced loss of ∆Ψm, Bax translocation and Bcl-2 degradation; this indicates that an increased Bax/Bcl-2 ratio may be important for inducing the MMP in the ROS-mediated and oridonin-induced apoptosis. Moreover, ROS were also found to regulate caspase-dependent apoptosis, as demonstrated by the ability of ROS to induce caspase-8, caspase-9, and eventually caspase-3 activation. This conclusion was supported by the observation that caspase-dependent spontaneous apoptosis was inhibited by NAC in vitro in cultured human primary B lymphocytes [36] . Together, these results suggest that ROS played a role in inducing apoptosis in oridonintreated HeLa cells.
Autophagy is a well-conserved lysosomal degradation pathway that has become an attractive area of study in recent years [4] . ROS have been reported to be involved in autophagy by regulating the activity of the redox sensitive cysteine protease HsAtg4A, which belongs to the Atg4 family [37] . Here, we found that the oridonin-induced autophagosome accumulation, the increased expression of Beclin 1 and the conversion of LC3-I to LC3-II were all inhibited by NAC, suggesting that ROS contributed to autophagy in this system. Subsequent results revealing reduced levels of ROS by the autophagy inhibitor 3-MA further confirmed this.
These findings revealed that ROS mediated the oridonininduced apoptosis and autophagy, whereas autophagy antagonized apoptosis in this circumstance. We hypothesized that the generation of ROS was first induced by oridonin and that this was the fundamental signal molecule in oridonin-induced cellular events. In agreement with our hypothesis, our results indicate that ROS production was triggered rapidly and robustly 1 h after administration of oridonin and increased persistently. Therefore, we hypothesized a possible mechanism for the oridonin-induced production of ROS in the cells. It is well established that mitochondria are particularly vulnerable to oxidative stress and are major sources of intracellular ROS [34] . In our study, the expression of ΔΨ m and some critical mitochondrial proteins were altered; thus, we presumed that oridonin induced the generation of ROS in mitochondria. We proposed that oridonin may induce a state of cellular oxidative stress by altering the redox state of glutathione or the activity of superoxide dismutase. These changes could lead to a mitochondrial permeability change either directly or indirectly, which in turn could cause the generation of ROS. Further studies will be required to confirm this.
In summary, we have demonstrated that ROS signal for the initiation of mitochondrial-and caspase-dependent apoptosis as well as autophagy in oridonin-treated HeLa cells. Our results provide new insight into the role of ROS in signaling apoptosis and autophagy. Future investigations characterizing additional signaling pathways mediated by ROS in both apoptosis and autophagy are still needed. 
